A cute variceal bleeding (AVB) is a major complication of cirrhosis. Despite the improvement in prognosis in the past 3 decades, [1] [2] [3] [4] mortality during the bleeding episode remains high and ranges from 24% in unselected cirrhotic variceal bleeders 5, 6 to about 16% among those receiving the current standard of care (band ligation þ vasoactive drugs þ antibiotics). 7 Several factors have been associated with a poor outcome in variceal bleeding. The most consistently reported risk indicators of death are Child-Pugh class or its components, model for end-stage liver disease (MELD) score, renal failure, bacterial infection at admission or shortly after, hypovolemic shock, active bleeding at endoscopy, hepatocellular carcinoma (HCC), and hepatic venous pressure gradient (HVPG) equal or greater than 20 mm Hg. 5, [7] [8] [9] [10] [11] Several prognostic models including these variables have been developed. 5, [7] [8] [9] 12 These models could allow patient stratification according to the risk of death and could be used to guide therapeutic decisions, such as treating high-risk patients by a more aggressive approach. However, they are seldom used, in part because of the lack of external validation.
Risk prediction in AVB has gained relevance since the demonstration that an early pre-emptive transjugular intrahepatic portosystemic shunt (TIPS) improves the outcome in high-risk patients in 2 randomized trials. In these trials high-risk patients were identified with hemodynamic criteria (HVPG ! 20 mm Hg shortly after admission) 13 or with clinical criteria (Child C up to 13 points or Child B þ active bleeding at endoscopy despite vasoactive drug treatment). 14, 15 Both definitions have relevant problems: HVPG measurements are not widely available and may be difficult to perform in bleeding patients, and the definition of active bleeding and some components of the Child classification have subjectivity. Indeed, in a recent trial it was shown that both Child and active bleeding were evaluated inconsistently in different centers. 16 Thus, better predictive models, well validated, with objective variables easily and early available from admission clearly are needed.
The overall aim of this study was to improve risk prediction in AVB. For this purpose we first tested the performance of recently described prognostic models for AVB in a contemporary series of patients. The MELD model was found to be the best model in terms of discrimination, but it was significantly miscalibrated. Therefore, a second aim of the present study was to update MELD calibration to predict mortality from AVB. The third aim was to validate this new MELD calibration in 2 external series of patients with AVB.
Materials and Methods

Study Cohort and Data Collection
We prospectively collected a database including all patients admitted to the Hospital Clinic (Barcelona, Spain) for portal hypertension-related bleeding (all sources and all etiologies) from October 2007 to December 2010. This was performed as part of a project to evaluate the impact of current therapies on the prognosis of portal hypertension-related bleeding and was approved by the Institutional Review Board of the Hospital Clinic. All data were gathered in the context of standard practice from the clinical records of the patients, and were anonymized and collected in a protected database. No specific procedures were conducted for the study and informed consent was not required.
Patients with cirrhosis and acute bleeding from esophageal varices (all-comers) were considered eligible for the study. The diagnosis of cirrhosis was based on previous clinical history, liver biopsy, and/or unequivocal clinical data and compatible findings on imaging techniques. Esophageal variceal bleeding was confirmed by emergency endoscopy according to Baveno criteria. 17 Exclusion criteria were HCC stage D according to the Barcelona Clinic liver cancer staging system. 18 This exclusion criterion was based on the high mortality rate of these patients (>60%) and the high rate of therapeutic abstention. Baseline clinical, biochemical, and imaging data of patients were recorded prospectively at admission by a member of the Hepatic Hemodynamic Lab (E.R., E.L., S.S., or J.G.A.). Liver and renal function tests at admission and endoscopic and vasoactive treatments received were available for all patients, as well as rescue therapies and transfusion requirements during the episode. The record of each patient was updated at day 42 or death.
Therapeutic Interventions and Definitions
In the period considered for this study, before the implementation of an "early TIPS" policy in our unit, 14 patients were treated with the standard of care according to Baveno consensus workshops and American Association for the Study of Liver Diseases guidelines 17, 19 : vasoactive drugs from admission (somatostatin or terlipressin), endoscopic band ligation (sclerotherapy if technically difficult or not feasible) within 12 hours of admission, and antibiotic prophylaxis (norfloxacin or ceftriaxone when indicated 20 ). Rescue therapies (ie, Sengstaken-Blakemore balloon tamponade and TIPS) were applied when necessary (re-bleeding or failure to control bleeding). At day 5, combined secondary prophylaxis (b-blockers plus variceal ligation in 2-to 3-week intervals) was started when applicable. Time of admission to hospital was considered as time zero for the follow-up evaluation. The primary end point analyzed in this study was 6-week mortality (bleeding-related mortality). 17 
Prognostic Models
We selected prognostic models offering continuous quantitative estimations of 6-week mortality in AVB. Although MELD was not developed specifically to predict mortality in the bleeding episode, 21, 22 we also evaluated the performance of this model (as modified by the United Network for Organ Sharing) 22 because it has shown excellent predictions in patients with end-stage liver disease, 23 and specifically in AVB. 12, 24, 25 Together with MELD, D'Amico 9 and Augustin 7 models (described in detail in Supplementary Table 1) were selected for validation. In the study by Augustin, 7 2 models were presented, a linear one (developed with logistic regression) and a nonlinear one (developed with classification and regression tree analysis). Only the linear model was considered because classification and regression tree analysis models do not provide continuous predictions. Finally, we tested Child-Pugh performance because it repeatedly has been reported as a good prognostic indicator in all clinical situations in cirrhosis, including the AVB episode. [5] [6] [7] [8] [9] 24, 25 Statistical Analysis Models performance. To assess the performance of the prognostic models in predicting 6-week mortality, the discrimination, calibration, and overall performance of each model were studied. Discrimination refers to the ability to rank patients according to their risk of developing the outcome, whereas calibration refers to the ability to predict absolute risks (how closely the predicted probabilities agree with the actual outcomes). 26 Calibration is of special interest because it allows defining decision thresholds according to the absolute risk of the outcome. The discriminative ability was assessed by receiver operating characteristic (ROC) curve analysis. Calibration was tested by plotting predicted and observed mortalities, and by the Hosmer-Lemeshow goodness-of-fit test after splitting the sample into quintiles. 26 In the case of the Augustin 7 and D'Amico 9 models, absolute predicted mortalities were calculated according to the formulas presented in the original reports. In the case of MELD, the original publication did not report the temporal constant to specifically calculate 6-week mortality. 21 After contacting the original authors, they provided a temporal constant of 0.827 for calculating 6-week mortality as described in the original report. 21 Child-Pugh calibration could not be assessed because the data are not available to estimate the absolute probability of 6-week mortality for each Child-Pugh score. The overall performance of the models was evaluated with R 2 and the Brier score.
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A higher R 2 and a lower Brier score indicate better performance.
Update of MELD calibration. MELD was the best model in terms of discrimination and overall performance, but was significantly miscalibrated. Therefore, we decided to use the Hospital Clinic cohort (initially the validation cohort) to update MELD calibration by fitting a logistic regression model introducing MELD as the only covariable. This procedure ("logistic calibration") does not modify the discrimination of the model. 28 We used penalized maximum likelihood estimation of coefficients to correct for overoptimism because this leads to more accurate predictions in external samples. 28, 29 The performance of this MELD-based model was validated internally with bootstrapping (200 random bootstrap samples of 178 patients drawn with replacement from the original sample). 28 Data-driven model restricted to objective variables. To explore the best data-driven model to predict 6-week mortality in our cohort, we conducted a multivariable logistic regression analysis, restricted to objective variables available at admission.
External validation of MELD recalibration. Because the MELD model was updated, it required further external validation. This was performed in 2 series of patients with esophageal variceal bleeding. The first sample included 240 consecutive patients with AVB admitted to 2 providing hospitals from the University of Alberta (Edmonton, Canada) between 2003 and 2008. These patients were managed according to the international guidelines (drugs þ endoscopy þ antibiotics, with TIPS as rescue therapy), and are described in detail in Supplementary Table 2. Adherence to antibiotic prophylaxis was 71%. Second, taking into account that patients in whom band ligation is applied effectively seem to have an excellent prognosis, 7 Table 2 ). This series was partially reported in a previous study. 7 Discrimination and calibration of the MELD-based model in these validation sets were assessed as reported earlier. Data to calculate MELD was available for all patients in both series.
Analysis was performed with the IBM SPSS Statistics 19.0 package (SPSS, Inc, Chicago, IL) and R 30 (with the aid of the rms and predictABEL packages), by means of auditable and rerunnable script files.
Results
Study Cohort, Treatment, and Outcomes
A total of 303 patients admitted to the Hospital Clinic for portal hypertension-related bleeding were registered prospectively between October 2007 and December 2010. Among these, 198 patients had cirrhosis and esophageal variceal bleeding. Nineteen patients with advanced HCC (Barcelona Clinic liver cancer stage D) and 1 patient lost to follow-up evaluation were excluded. The final analysis included 178 patients ( Figure 1 ). Baseline characteristics of the patients at admission are reported in Table 1 . The overall 6-week mortality was 16%. Causes of death were uncontrolled bleeding in 9 patients (31%), liver failure in 8 patients (28%), and sepsis or multiorgan failure in 12 patients (41%). Supplementary Figure 1 shows the temporal distribution of deaths.
Performance of Prognostic Models for 6-Week Mortality
Discrimination was studied by analyzing the ROC curves. MELD showed the highest discrimination (Figure 2 ), although the difference between MELD discrimination and that of the other models was not statistically significant. Calibration (ie, the agreement between predicted and observed death rates) is shown in Figure 3 . All 3 models were miscalibrated significantly. The D'Amico 9 model and MELD systematically overestimated the observed mortality. The Augustin 7 model both overestimated and underestimated mortality at different levels of risk. MELD was Figure 1 . Flowchart of patients admitted to our hospital for portal hypertension-related bleeding and selection of the study cohort. EV, esophageal variceal. Table 3 ).
Model Update: MELD Recalibration
MELD was the best model in terms of discrimination and overall performance, and had the additional advantage over the other models of including only objective variables. Figure 2 shows the prediction curve of the model. A MELD score of 11 was associated with a 5% risk of mortality, and could be a potentially useful prognostic threshold for defining low-risk patients. A MELD score of 19 was associated with a mortality rate of 20%, and could be a potentially useful threshold for defining a high risk of death. The internal calibration of the MELD-based model was excellent ( Figure 4A) . Variables reflecting the severity of bleeding, including a systolic arterial pressure less than 100 mm Hg within the first 3 hours from admission and active bleeding at endoscopy, did not significantly add to the predictive value of the MELDbased model (P ¼ .25 and P ¼ .55, respectively).
Early Objective Prognostic Indicators for 6-Week Mortality
We performed a multivariable analysis with objective variables available on admission to develop the best datadriven model (Supplementary Table 4 
External Validation of the MELD-Based Model
Finally, we tested the performance of MELD in 2 additional series of patients with AVB (Supplementary Table 2 ). The MELD-based model showed excellent discrimination Figure 2 . ROC curves of the models for predicting 6-week mortality in acute variceal bleeding. MELD had the greatest AUROC, indicating the best discrimination. Differences between MELD's AUROCs and those from other models, however, were not statistically significant (P ¼ .0574 vs 9 and (C) Augustin 7 models. To construct these plots, the sample was split into quintiles, and predicted mortality was plotted against observed mortality. Points below the diagonal line (ie, identity line, perfect prediction) indicate overestimation of mortality for that group. Points above the diagonal line indicate underestimation of mortality. P values are those of the Hosmer-Lemeshow goodness-of-fit test (the lower the P value, the worse the agreement between the observed and predicted mortalities). (AUROC, 0.873) and calibration ( Figure 4B ) in the cohort from the University of Alberta (Edmonton, Canada). In the cohort from Vall d'Hebron Hospital (Barcelona, Spain) including patients selected on the basis of receiving band ligation (þ antibiotics þ drugs), the MELD-based model also had good discrimination (AUROC, 0.794). Calibration was acceptable, except in the upper quintile of the patients, in which our model predicted a higher mortality than that actually observed ( Figure 4C ). In all 3 series, MELD scores potentially defining arbitrary thresholds of low and high risk of death (11 and of 19) consistently were associated with a mortality rate of approximately 5% and 20%, respectively ( Figure 4D-F) . Therefore, even though the MELD-based model overpredicted mortality for high MELD values in the second validation set, it still would be a useful tool to accurately identify patients with a risk of death of 20% or higher.
Discussion
The present study provides new information to improve risk prediction in patients with cirrhosis and acute variceal bleeding. Specifically, we show that MELD outperforms other models designed to predict prognosis in AVB. Furthermore, we propose a model that assigns a probability of 6-week mortality for each MELD value, and we provide external validation for our MELD calibration in 2 additional series of patients.
The recent demonstration that a stratified management of patients with AVB can improve survival in high-risk patients 13, 14 has emphasized the importance of having accurate prognostic tools in AVB. However, the criteria used in those trials to define high risk have a low clinical accessibility (HVPG measurement within first 24 h) or include subjective variables (Child-Pugh, active bleeding). In addition, it has been questioned recently whether all patients defined as high risk in the inclusion criteria of the Early-TIPS trial are indeed high risk, especially those at Child B class þ active bleeding. Some series have shown a low mortality rate in this subgroup of patients 7 and others have shown significant heterogeneity in scoring the patients. 16 Thus, there is a clear need for better prediction models in AVB, preferably with easily obtained, objective, and reproducible variables available early after patient admission.
One of the problems in the use of prognostic models in AVB is the lack of external validation. Thus, our first goal was to evaluate the performance of previously described models. For this purpose we chose 2 models specifically developed for AVB, 7, 9 which also offered continuous predictions of 6-week mortality. We additionally evaluated MELD because it has shown prognostic value in almost every clinical situation in cirrhosis, 23 including variceal bleeding, 12, 24, 25 and Child-Pugh score because it is one of the most widely used bedside prognostic tools in cirrhosis. Our findings show that MELD was the best model in terms of discrimination. However, calibration was poor for all models and good calibration (agreement between expected and observed mortality) is essential to derive decision thresholds to guide therapeutic decisions. This lack of calibration could be explained by several reasons. MELD was developed in a different setting (patients treated with TIPS) in a series of patients from more than a decade ago, before the implementation of several effective treatments for patients with cirrhosis and, therefore, miscalibration could be expected. On the other hand, in the D'Amico 9 study many patients did not receive what is currently accepted as the standard of care. Both the D'Amico 9 and Augustin 7 models included the presence of HCC as a prognostic variable, but without differentiating between HCC stages. Although the presence of HCC up to stage C has little short-term prognostic significance, stage D patients have exceedingly high short-term mortality, and many times these patients are managed with symptomatic measures if presenting with AVB.
In the present study, rather than trying to develop a completely new prognostic model, we used a strategy of model updating, which is a better way to develop stable and generalizable models. 31 For this purpose, we focused on MELD for several reasons. Because MELD had a good discriminative value it needed less extensive updating. We could recalibrate the model easily to make accurate predictions with logistic calibration, which does not change the structure and the discrimination of the model. The other models would require much more extensive updating, and the sample size of the present study would be inadequate. In addition, MELD is based in simple and reliable measurements, which are important criteria in developing clinically useful prognostic models, 31 and it is widely implemented worldwide for the prediction of outcomes in cirrhosis. Of note, variables reflecting the severity of bleeding, which have The first validation set came from a comparable setting: tertiary university hospitals with wide experience in the management of AVB applying the current standard of care, 17, 19 but in a different country. We showed that the performance of the MELD-based model was excellent in the Alberta series, with an excellent agreement between predicted and observed 6-week mortalities along the whole spectrum of disease severity. Indeed, arbitrary thresholds potentially defining low risk and high risk (MELD scores, 11 and 19, respectively) showed an almost perfect fit to observed 5% and 20% mortality rates ( Figure 4E ). With the second validation set, from a different University Hospital in Barcelona, we aimed to evaluate the performance of the MELD-based model in a selected sample of patients in whom the currently considered optimal therapy (banding ligation þ vasoactive drugs þ antibiotics) was applicable. These patients have been shown to have a better overall prognosis than all-comers. 6, 7 In this sample, MELD-based predictions overestimated mortality only in the most advanced patients. Still, MELD values of 11 and 19 again showed an excellent fit to the observed 5% and 20% mortality rates ( Figure 4F) , suggesting that the model would be equally useful for risk stratification in this selected category of patients.
Our results might set the framework to evaluate the impact of new therapies (including early TIPS) in real-practice outcomes, and to identify the patients who might benefit most from specific treatments. Indeed, the robustness of the model might serve to compare results obtained in different centers, at different periods, and with different treatment protocols. However, it is important to note that these results might not have immediate clinical applicability because the only patienttailored strategy proved to date to improve the outcome in AVB has been early TIPS, and patients were selected on the basis of Child and active bleeding. 14, 15 In summary, in patients with cirrhosis and AVB, MELD offered an objective and accurate prognostic prediction with variables available early after admission. MELD could be more efficient than the current criteria for selecting highrisk patients who might benefit from more aggressive treatments. Our proposed MELD-based predictions might be useful in refining the use of early TIPS, in evaluating the impact of new therapeutic strategies on patient prognosis, and in improving risk stratification in future clinical trials.
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